Human immunodeficiency virus type 1 (HIV-1) particle production, a process driven by the Gag polyprotein precursor, occurs on the plasma membrane in most cell types. The plasma membrane contains cholesterolenriched microdomains termed lipid rafts, which can be isolated as detergent-resistant membrane (DRM). Previously, we and others demonstrated that HIV-1 Gag is associated with DRM and that disruption of Gag-raft interactions impairs HIV-1 particle production. However, the determinants of Gag-raft association remain undefined. In this study, we developed a novel epitope-based Gag multimerization assay to examine whether Gag assembly is essential for its association with lipid rafts. We observed that membrane-associated, full-length Gag is poorly detected by immunoprecipitation relative to non-membrane-bound Gag. This poor detection is due to assembly-driven masking of Gag epitopes, as denaturation greatly improves immunoprecipitation. Gag mutants lacking the Gag-Gag interaction domain located in the N terminus of the nucleocapsid (NC) were efficiently immunoprecipitated without denaturation, indicating that the epitope masking is caused by higher-order Gag multimerization. We used this assay to examine the relationship between Gag assembly and Gag binding to total cellular membrane and DRM. Importantly, a multimerization-defective NC mutant displayed wild-type levels of membrane binding and DRM association, indicating that NC-mediated Gag multimerization is dispensable for association of Gag with membrane or DRM. We also demonstrate that different properties of sucrose and iodixanol membrane flotation gradients may explain some discrepancies regarding Gag-raft interactions. This report offers new insights into the association of HIV-1 Gag with membrane and with lipid rafts.
Retrovirus particle production is driven by the viral Gag polyprotein (26, 83) , which, for human immunodeficiency virus type 1 (HIV-1) has been termed Pr55
Gag . Upon particle release from the cell, the viral protease (PR) cleaves Pr55
Gag into the mature Gag proteins matrix (MA or p17), capsid (CA or p24), nucleocapsid (NC or p7), and p6 and two small spacer peptides, SP1 and SP2 (26, 83) . Pr55
Gag contains three functional domains responsible for mediating the major steps in virus particle assembly: the membrane-binding (M) domain, which targets Gag to the cellular membrane at which virus particles form, the interaction (I) domain, which promotes Gag multimerization, and the late (L) domain, which facilitates the release of nascent virions from the host cell. HIV-1 M domain function is exerted by the N-terminal portion of MA, to which a myristic acid moiety is covalently attached (26, 83) . A ProThr-Ala-Pro sequence in p6 acts as the predominant HIV-1 L domain (18, 62) . A large region spanning CA, SP1, and NC functions as the HIV-1 I domain (for a review, see reference 26) . Structural studies and protein-protein interaction analyses have demonstrated that CA and SP1 likely contribute to Gag multimerization by facilitating direct interactions between Gag molecules (24, 29, 31, 33, 59-61, 67, 96) . Mutations and deletions in the C-terminal domain of CA (12, 21, 42, 50, 56, 58, 76, 82, 87, 88, 90) and SP1 (1, 45, 49, 93 ) cause defects in virus particle production, indicating that the Gag-Gag interaction mediated by this region is physiologically important for virus assembly. Unlike CA and SP1, NC is thought to promote Gag multimerization primarily through interaction with RNA. Basic amino acid residues located in the N-terminal region of NC mediate binding to RNA, an interaction that may allow RNA molecules to provide a scaffold for Gag-Gag interactions (7, 8, 14, 17, 39, 43, 77) . A large number of biochemical and genetic studies support a role for NC, specifically its basic residues, in Gag multimerization and hence virus assembly (3, 7, 8, 14, 17, 22, 25, 30, 35, 37, 41, 43, 47, 53, 67, 77, 89, 97, 98) . Studies of other retroviral Gag proteins also suggest that NC basic residues play an important role in Gag multimerization (2, 4, 9, 10, 40, 54, 55, 64, 95) . However, whether NC-dependent multimerization is essential for virus particle production remains to be resolved (72, 91, 92) .
Recent studies suggest that several retroviruses, including HIV-1, utilize specific plasma membrane microdomains known as lipid rafts for their assembly (for a review, see reference 71). Lipid rafts contain high concentrations of cholesterol and saturated lipids and can be isolated based on their resistance to low-temperature detergent treatment (5, 79) . Such detergentresistant membrane (DRM), which is typically recovered as low-density material in equilibrium flotation gradients, is unlikely to represent intact lipid rafts that exist in living cells (20, 23, 36, 57, 63, 71) . Nevertheless, measuring DRM association provides valuable information regarding the preference for rafts by proteins or lipids of interest when used in combination with other methods. HIV-1 Gag associates with DRM (20, 34, 36, 51, 66, 70, 99) , and microscopic analyses demonstrate colocalization of Gag with raft markers (36, 66, 71) . Cholesterol depletion, or acylation of Gag with an unsaturated fatty acid that targets Gag to nonraft membrane, severely inhibits extracellular HIV-1 particle production (52, 70) . Altogether, these studies suggest that HIV-1 Gag interacts with lipid rafts and that its association with these membrane microdomains promotes virus particle production. However, some reports questioned the validity of Gag-DRM interaction assays. It was observed that Gag could be recovered in low-density fractions of flotation gradients even after harsh detergent treatments that removed most of the Gag-associated lipid (36) and that Gag did not cofractionate with classical raft markers (20) . It is noteworthy that these studies used iodixanol flotation gradients whereas we used sucrose gradients in our previous analyses of Gag-DRM interaction.
Several studies comparing full-length and C-terminally truncated Gag constructs (e.g., MA-CA) have suggested that Gag multimerization can enhance both membrane binding and DRM association (51, 74, 75, 78, 100) . A myristyl switch model for Gag membrane binding has been proposed in which the N-terminally attached myristate moiety can alternate between a conformational state in which it is sequestered within the globular fold of MA and one in which it is highly exposed and available for interaction with membrane (68, 73, 80, 100) . It has been suggested that Gag multimerization enhances myristate exposure thereby increasing Gag-membrane binding (74, 78, 84) .
We previously observed that a Gag derivative that contains only MA and the N-terminal region of CA displays levels of steady-state membrane binding and DRM association similar to those of full-length Gag (67, 70) . These results indicate that Gag multimerization is not essential for Gag-membrane and Gag-DRM interactions. Nevertheless, kinetic analyses suggest that the presence of SP1 and NC sequences accelerates or stabilizes the binding of Gag to total cellular membrane and DRM (70) . To determine whether this enhancement of Gagmembrane association is caused by increased Gag-Gag interaction, multimerization levels of membrane-and DRM-bound Gag need to be assessed in kinetic analyses. However, most mammalian-cell-based Gag multimerization assays developed thus far are not well suited for this purpose. One such assay measures the rescue of nonmyristylated Gag derivatives into extracellular virus particles upon their coexpression with wildtype (WT) Gag (13, 67) . Equilibrium density gradient centrifugation of Gag-containing cell lysates is also widely used to measure Gag multimerization (48, 61, 85) . However, in general, these methods cannot distinguish between Gag multimerization in the cytosol and on the membrane. Use of fluorescence resonance energy transfer between chimeras of Gag and green fluorescent protein derivatives (19, 46 ) is a powerful method to measure Gag-Gag interaction in a location-specific manner, but slow maturation of green fluorescent protein variants (15, 65, 86) may hamper kinetic analyses. Because of the inherent limitations of the above assays, we sought to develop a method with which Gag multimerization and membrane binding can be examined simultaneously.
In this report, we establish that Gag multimerization mediated by NC basic amino acids causes masking of Gag epitopes recognized by anti-Gag antisera. By using this epitope masking to measure higher-order Gag multimerization, we investigated the kinetic aspects of NC-dependent Gag assembly and the relationship between Gag assembly and Gag membrane binding and DRM association. We observed that replacement of all the basic residues within the N terminus of NC blocks epitope masking without affecting Gag binding to total membrane or to DRM. These results indicate that the Gag-Gag interaction mediated by the highly basic domain of NC is not needed for association of Gag with total cellular membrane or with lipid rafts. We also demonstrate that, in contrast to results obtained with sucrose, Gag complexes remaining after solubilization of lipid rafts with octylglucoside still float in iodixanol gradients, suggesting that iodixanol may be poorly suited for analyzing the interaction of large protein complexes with membrane.
MATERIALS AND METHODS
Plasmids. Molecular clones pNL4-3/Myr Ϫ (1GA) (28), pNL4-3/CA146 (67), pNL4-3/p41 (68) , and pNL4-3/NC35 (67), encoding Gag mutants, and pNL4-3/PR Ϫ (38), encoding an inactive PR, were described previously. A molecular clone encoding the CA amino acid substitution mutant, pNL4-3/WM184,185AA, was constructed by QuikChange (Stratagene) mutagenesis using the following mutagenic oligonucleotides: CA184WA,185MA-F (5Ј-CACAAGAGGTAAAAAATGCGGC GACAGAAACCTTGTTGGTCC-3Ј) and CA184WA,185MA-R (5Ј-GGACCAA CAAGGTTTCTGTCGCCGCATTTTTTACCTCTTGTG-3Ј). The PR Ϫ version of pNL4-3/WM184,185AA (pNL4-3/WM184,185AA/PR Ϫ ) was constructed by introducing the ApaI (pNL4-3 nt 2006)-to-EcoRI (pNL4-3 nt. 5743) fragment from pNL4-3/PR Ϫ into pNL4-3/WM184,185AA. A molecular clone encoding the NC amino acid substitution mutant, pNLHX15A, was a kind gift from J. Luban, Columbia University (13) . The isogenic molecular clone encoding WT Gag (pNLSE/ HXB2) was constructed by introducing the SpeI (pNL4-3 nt. 1507)-to-EcoRV (pNL4-3 nt. 2977) fragment from pHXB2R3 into pNL4-3. PR Ϫ versions of pNLSE/ HXB2 (pNLHX/PR Ϫ ) and pNLHX15A (pNLHX15A/PR Ϫ ) were constructed by introducing the BglII (pNL4-3 nt 2096)-to-EcoRI (pNL4-3 nt. 5743) fragment from pNL4-3/PR Ϫ into pNLSE/HXB2 and pNLHX15A. Construction of pCMVNLGagPolRRE using pCMVGagPolRRE (a kind gift from D. Rekosh, University of Virginia [81] ) was described previously (70) . The vesicular stomatitis virus G glycoprotein (VSV-G) expression vector pHCMV-G (94) was generously provided by J. Burns (University of California, San Diego).
Cells, transfections, and infections. HeLa cells were cultured as previously described (27) . Gag was expressed either by transfecting cells with molecular clones or by infecting with high-titer vector virus stocks. Transfection of HeLa cells by the calcium phosphate method was performed as previously described (27) . Infection of HeLa cells with virus stocks pseudotyped with VSV-G was performed by culturing cells for 9 h with high-titer virus stocks at 30 counts/min of reverse transcriptase activity/cell. VSV-G-pseudotyped virus stocks were prepared by transfecting HeLa cells with pCMVNLGagPolRRE, pHCMV-G, and the molecular clone pNLHX/PR Ϫ or pNLHX15A/PR Ϫ .
Cell fractionation and denaturation of Gag. Separation of denucleated cell homogenates into pellet and supernatant fractions was performed as described previously (68) . For this experiment, HeLa cells were labeled overnight with [ 35 S]Met/Cys in the presence of 5% fetal bovine serum as previously described (27) . For detection of metabolically labeled Gag, fractions obtained either by cell fractionation or by equilibrium flotation centrifugation (see below) were mixed with 2ϫ radioimmunoprecipitation assay (RIPA) buffer (280 mM NaCl, 16 mM Na 2 HPO 4 , 4 mM NaH 2 PO 4 , 2% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 20 mM iodoacetoamide, and protease inhibitors). Prior to immunoprecipitation, RIPA-treated fractions were aliquoted to two portions and either not denatured or denatured by mixing with 0.057 volume of 2ϫ sample buffer (125 mM Tris-HCl [pH 6.8] containing 6% SDS, 10% 2-mercaptoethanol, and 20% glycerol) and boiled for 5 min. Both portions were then diluted with 6 volumes of 50 mM Tris-HCl (pH 7.5) containing 300 mM NaCl and 0.5% Triton X-100, incubated with protein A-agarose, and clarified by centrifugation at 13,200 rpm (16,100 ϫ g) for 1 min in a microcentrifuge or at 1,500 ϫ g for 5 min in a benchtop low-speed centrifuge. Immunoprecipitation with HIV immunoglobulin (HIV Ig; obtained from the NIH AIDS Research and Reference Reagent Program) was performed as described previously (27) . Detection of Gag by Western blotting was performed as previously described (44) .
Assays for membrane binding and DRM association. For analyses of membrane binding and DRM association of Gag, HeLa cells expressing Gag proteins were either pulse-labeled for 5 min and chased for 0, 15, or 30 min or labeled for 90 min with [ 35 S]Met/Cys. Postnuclear supernatants (PNSs) of cell homogenates were subjected to equilibrium flotation centrifugation using sucrose gradients as detailed previously (67, 68, 70) . For DRM association, PNSs were treated with Triton X-100 (final concentration, 0.25%) for 20 min on ice prior to flotation centrifugation. Fractions were either not denatured or denatured and analyzed by immunoprecipitation as described above.
For equilibrium flotation centrifugation using iodixanol gradients, PNSs not treated or treated with the indicated concentrations (Fig. 6 legend) of detergents were mixed with TNE (25 mM Tris-HCl [pH 7.5] containing 150 mM NaCl and 4 mM EDTA) containing 60% (wt/vol) iodixanol (Axis-Shield PoC, Oslo, Norway) (final concentration, 50%). On top of this mixture was layered 40% (wt/vol) and 10% (wt/vol) iodixanol in TNE. Centrifugation of gradients and analyses of fractions were performed in the same manner as sucrose gradient flotation experiments except that iodixanol gradients were centrifuged for 2 h.
Equilibrium sucrose density gradient centrifugation was performed as described previously (68) .
Immunofluorescence microscopy. Immunostaining of HeLa cells was performed as previously described (69) . For detection of Gag, cells were labeled either with anti-p17 or -p24 monoclonal antibody (Advanced Biotechnologies, Columbia, MD) prelabeled with Zenon One Alexa Fluor reagent (Molecular Probes, Eugene, OR) and observed with a Zeiss 510 laser scanning confocal microscope.
RESULTS

Membrane-bound Pr55
Gag requires denaturation for efficient recovery by immunoprecipitation. In the course of studies designed to evaluate the binding of Gag to membrane, we separated denucleated homogenates of Pr55
Gag -expressing cells into pellet and supernatant fractions. In these assays, we observed that immunoprecipitation versus immunoblotting with HIV Ig produced apparently conflicting results regarding the amount of Gag detected in these two fractions. In contrast to immunoblotting, which showed a large amount of WT Pr55
Gag in the pellet relative to the supernatant fraction, immunoprecipitation only poorly detected WT Pr55
Gag in the pellet fraction (Fig. 1A) . This discrepancy between immunoblotting and immunoprecipitation was not observed with a nonmyristylated Gag derivative (Myr Ϫ ). When samples were denatured prior to immunoprecipitation, we observed a marked increase in the amount of WT Gag in the pellet relative to the supernatant fraction (Fig. 1B) . These results suggest that epitopes in WT Gag molecules recovered in the pellet fraction are masked and are thus not available for immunoprecipitation. Similar results were obtained with other pools of HIV-infected patient sera and with several anti-Gag antibodies (data not shown).
Since pellets in cell fractionation assays contain not only membrane-bound material but also non-membrane-bound macromolecular complexes, which population of Gag contains masked epitopes was unclear. To address this question, we subjected PNSs from metabolically labeled, Pr55
Gag -expressing HeLa cells to equilibrium sucrose flotation centrifugation. Membrane-bound and non-membrane-bound Pr55
Gag molecules were recovered in fractions 1 to 5 and 6 to 10, respectively (Fig. 2) . These fractions were treated with RIPA buffer, pooled, and divided into two portions, one of which was denatured prior to immunoprecipitation with HIV Ig. When not denatured, the majority of Pr55
Gag in membrane fractions failed to be immunoprecipitated, whereas recovery of Pr55 Gag in nonmembrane fractions was equally efficient regardless of the denaturation status. These results suggest that membranebound but not cytosolic Pr55
Gag molecules harbor masked epitopes.
A functional I domain is necessary for epitope masking of membrane-bound Gag. To define the region of Gag responsible for epitope masking, we examined whether denaturation is needed for efficient immunoprecipitation of a series of Cterminally truncated Gag mutants (Fig. 3A) . HeLa cells expressing full-length Pr55
Gag or the NC35 or p41 truncation mutants were metabolically labeled for 90 min and pooled before membrane flotation. Like full-length Pr55
Gag , a Gag mutant (NC35) containing MA, CA, SP1, and the first 35
FIG. 1. WT Pr55
Gag in P100 fraction requires denaturation for efficient recovery by immunoprecipitation. HeLa cells expressing WT or Myr Ϫ Pr55 Gag were metabolically labeled overnight, and PNSs of cell homogenates were fractionated by ultracentrifugation at 100,000 ϫ g for 1 h into pellets (P) and supernatants (S). Fractions were treated with RIPA buffer and analyzed by Western blotting (WB) or by immunoprecipitation (IP). Comparisons of Western blotting and immunoprecipitation were performed using the same samples either without (A) or with (B) prior denaturation.
FIG. 2. Membrane-bound Pr55
Gag requires denaturation for efficient recovery by immunoprecipitation. HeLa cells expressing WT Pr55
Gag were metabolically labeled for 90 min, and PNSs of cell homogenates were fractionated by membrane flotation. Fractions were treated with RIPA buffer and membrane (M) and nonmembrane (NM) fractions were pooled. Labeled Pr55
Gag in each pooled fraction was recovered by immunoprecipitation either without (Ϫ) or with (ϩ) prior denaturation. Sixteen percent of membrane-bound Gag was recovered from nondenatured fractions relative to denatured fractions, whereas 72% of non-membrane-bound Gag was detected without versus with denaturation. (Fig. 3B) . In contrast, a Gag mutant (p41) that consists of MA and CA was fully immunoprecipitated by HIV Ig with or without denaturation. Since the N-terminal portion of NC promotes Gag-Gag interaction, these results suggest that Gag multimerization may cause the observed epitope masking.
To assess the influence of Gag multimerization on epitope exposure in the context of full-length Gag, we examined a Gag derivative (15A) in which all NC basic amino acids critical for Gag-Gag interaction were replaced with Ala (13) . Unlike WT Pr55
Gag , both non-membrane-bound and membrane-bound 15A Pr55
Gag molecules were efficiently immunoprecipitated by HIV Ig without denaturation (Fig. 3C) . Consistent with defective Gag multimerization, 15A Gag did not display the punctate pattern observed with WT Gag even though, like WT, 15A Gag localized to the plasma membrane (Fig. 3D) . These results strongly suggest that Gag multimerization facilitated by NC basic amino acids causes epitope masking of membranebound Gag.
Pr55 Gag in immature but not mature virions requires denaturation for efficient recovery by immunoprecipitation. To determine whether Gag multimers in which epitopes are masked are physiologically relevant to the virus assembly process, we examined the epitope availability of virion-associated Gag. Virus particles derived from HeLa cells expressing Pr55
Gag in the presence or absence of active PR were solubilized in RIPA buffer. Viral lysates were aliquoted into two portions, one of which was denatured prior to immunoprecipitation with HIV Ig (Fig. 4) . We found that denaturation of virus lysates did not affect immunoprecipitation of p24(CA) associated with mature virus particles. In contrast, recovery of Pr55
Gag from immature 
. Note that, in contrast to full-length Pr55
Gag and NC35, membrane-bound p41 was efficiently immunoprecipitated even in the absence of prior denaturation. In a typical experiment, the efficiencies of Gag recovery from nondenatured membrane (M) fractions relative to denatured membrane fractions were 29% for full-length Pr55
Gag , 51% for NC35, and 108% for p41. NM, nonmembrane. (C) HeLa cells expressing either WT or 15A mutant Pr55
Gag were pulse-labeled for 5 min and chased for 30 min before membrane flotation. Fractions were analyzed as for Fig. 
Note that 15A mutant Gag in membrane fractions was efficiently immunoprecipitated in the absence of prior denaturation. (D) HeLa cells expressing either WT or 15A-mutant Pr55
Gag in the presence of active PR were immunostained either with monoclonal anti-p17 or -p24 antibody prelabeled with Zenon One Alexa Fluor reagent.
particles released in the absence of active PR was greatly increased by denaturation. These results indicate that Gag epitopes in immature virus particles are masked like those of cell-associated, membrane-bound Gag, suggesting that epitope masking is physiologically relevant to virus particle production.
Masked epitopes in the CA domain of Pr55
Gag become exposed upon Gag cleavage presumably because the tightly packed Gag multimer reorganizes during maturation.
Pr55
Gag undergoes epitope masking gradually after it binds membrane. To characterize further the epitope-masked Gag multimer, we performed a kinetic analysis of Gag epitope exposure (Fig. 5) . HeLa cells expressing Pr55
Gag were pulselabeled for 5 min and chased for up to 30 min; PNSs were separated into membrane and nonmembrane fractions.
Amounts of labeled Pr55
Gag immunoprecipitated with or without denaturation were compared. We observed that epitopes on non-membrane-bound Gag remained exposed throughout the chase period. In contrast, epitopes on membrane-bound Gag were highly exposed immediately after pulse-labeling but became substantially masked within 30 min. These results suggest that higher-order Gag multimerization takes place after Gag binds membrane. The observed time-dependent increase in epitope masking indicates that the higher-order Gag complexes do not form during sample preparation but arise during the process of virus assembly.
Octylglucoside-treated Gag complexes are recovered in lowdensity fractions upon equilibrium flotation centrifugation in iodixanol but not in sucrose. Since the kinetics of Gag epitope masking are similar to those of Gag association with DRM in that both occur more slowly than the initial binding of Gag to membrane (70), we sought to examine the relationship between higher-order Gag multimerization and Gag-raft association. Equilibrium flotation centrifugation of detergenttreated PNSs in either sucrose or iodixanol gradients has been widely used for studying protein-DRM association (5, 79) . As mentioned in the introduction, we previously demonstrated that non-membrane-bound complexes do not float in sucrose gradients (70) , whereas others, using iodixanol gradients, have reported that Gag complexes from which most of the lipid has been removed can be recovered in low-density fractions (36) . To directly compare which type of gradient is better suited for analyzing Gag-DRM association, we performed flotation centrifugation of PNSs derived from HeLa cells expressing WT Gag using either sucrose or iodixanol gradients. Prior to loading the gradients, PNSs were either treated with cold Triton X-100 or another nonionic detergent, octylglucoside, or not treated. In sucrose gradients, substantial amounts of Gag in untreated and Triton X-100-treated PNSs were recovered in fractions 2 to 4 while virtually no Gag was detected in these fractions after octylglucoside treatment (Fig. 6A) . This observation is consistent with the finding that lipid rafts are solubilized by treatment with octylglucoside (6). As we have shown previously (70) , when octylglucoside-treated PNSs are analyzed by equilibrium density gradient centrifugation using a 20 to 73% sucrose gradient, Gag-containing complexes are readily detected across a wide density range (Fig. 6C) . Disruption of these Gag complexes by denaturation results in Gag remaining at the top of the 20 to 73% sucrose gradient (data not shown). These results indicate that octylglucoside-treated Gag complexes are not recovered in low-density fractions after flotation centrifugation using sucrose gradients.
When iodixanol gradients were used for flotation centrifugation, the majority of Gag in untreated and Triton X-100-treated PNSs was found in top fractions (Fig. 6B) . Even after octylglucoside treatment, a large amount of Gag was recovered in the low-density fractions (Fig. 6B) . Notably, when the bottom fractions of sucrose flotation gradients were examined by equilibrium density gradient centrifugation following octylglucoside treatment, Gag-containing complexes were readily detectable in the 20 to 73% sucrose gradient (data not shown). Therefore, non-membrane-bound Gag complexes were still present in the bottom fractions of sucrose flotation gradients but did not float to the low-density fractions. These results suggest that Gag complexes not associated with lipid rafts can float in iodixanol but not in sucrose gradients. Gag with active (PR ϩ ) or inactive (PR Ϫ ) viral PR were metabolically labeled overnight. Virus particles were pelleted from culture supernatants, and virus lysates were analyzed by immunoprecipitation either without (Ϫ) or with (ϩ) prior denaturation. Signal intensity was quantified by phosphorimager analysis, and epitope exposure of Gag in nondenatured samples relative to denatured samples was calculated.
FIG. 5. Pr55
Gag undergoes epitope masking gradually after it binds membrane. HeLa cells expressing WT Pr55
Gag were pulse-labeled for 5 min and chased for 0, 15, and 30 min before membrane flotation. Fractions were analyzed as for Fig. 2 , and epitope exposure was calculated as for Fig. 4 . Note that the membrane-bound Gag epitopes is highly exposed even without denaturation immediately after the pulse but becomes masked within 15 min.
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on July 11, 2017 by guest http://jvi.asm.org/ 15A-mutant Gag can still bind membrane and DRM efficiently without forming higher-order multimers. Based on the results presented above, we used sucrose gradients for analyses of Gag-DRM association. To examine whether higher-order Gag multimerization is necessary for efficient association of Gag with membrane and DRM, HeLa cells expressing WT or 15A Pr55
Gag were pulse-labeled for 5 min and chased for 30 min. Levels of recovery of labeled Pr55
Gag in total membrane and DRM fractions were compared by equilibrium flotation centrifugation ( Fig. 7A and B) . To assess the level of higherorder multimerization, Gag epitope exposure was calculated as a ratio of the amount of Gag immunoprecipitated with or without denaturation (Fig. 7A and C) . We found that the efficiencies of membrane binding and DRM association were similar between WT and 15A Gag (Fig. 7B) . Interestingly, WT Gag epitopes were more masked in DRM fractions than in total membrane fractions, suggesting that DRM association is accompanied by more-extensive assembly. In contrast to the results obtained with WT Gag, both membrane-bound and DRM-associated 15A Gag was readily immunoprecipitated (Fig. 7C) . As a consequence, DRM-associated 15A Gag displayed a fourfold-greater degree of epitope exposure than did DRM-associated WT Gag. These results indicate that the higher-order Gag multimerization mediated by NC basic residues is not required for efficient binding of Gag to total membrane or to DRM.
As not only NC but also CA is involved in Gag multimerization, we next examined the impact of a Gag derivative (WM184,185AA) containing a two-amino-acid substitution at the CA dimer interface (29, 88) . Virus release efficiency of this mutant was approximately 10% that of WT (data not shown), and membrane binding was reduced approximately 40% relative to WT (Fig. 7D) . Both membrane-bound and non-membrane-bound WM184,185AA Gag molecules were readily immunoprecipitated without denaturation. These results suggest that a defect in Gag dimerization impairs higher-order Gag multimerization and Gag membrane binding.
DISCUSSION
In this study, we demonstrate that epitope masking of membrane-bound Gag reflects the extent of Gag multimerization. Even though epitope masking is observed predominantly with membrane-bound Gag, Gag-membrane binding itself does not cause epitope masking. Rather, epitope sequestration is caused by higher-order Gag multimerization promoted by basic residues in NC (Fig. 3) . Since Gag proteins in immature virus particles also display epitope masking (Fig. 4) , this masking is likely caused by productive Gag multimerization during assembly rather than nonproductive Gag aggregation. Once Gag is cleaved by PR during virus particle maturation, Gag epitopes become available for immunoprecipitation (Fig. 4) . Interestingly, epitope masking was observed not only with HIV Ig but also with several anti-Gag antibodies (A. Ono and E. O. Freed, unpublished data). The data presented here indicate that the level of epitope exposure can be used to monitor Gag multimerization under physiological conditions. In this study, we used this method to clarify the relationship between Gag multimerization mediated by NC basic residues and Gag association with total cellular membrane and DRM.
It is formally possible that nondenatured, higher-order Gag multimers may fail to be immunoprecipitated not because epitopes are masked by Gag multimerization but because the large size of Gag multimeric complexes blocks their retention on antibody-bound protein A beads. However, considering that immunoprecipitation can be performed to recover intact virus particles (11, 66) , the size of Gag complexes is unlikely to prevent immunoprecipitation of higher-order Gag multimers. Indeed, it is possible that a portion of membrane-bound Gag recovered without denaturation may represent Gag complexes captured by antibodies whose epitopes remain exposed on the surface of Gag multimers.
Kinetic analyses of Gag epitope masking indicate that Gag Gag were incubated in the absence or presence of 0.25% Triton X-100 or 30 mM octylglucoside on ice and fractionated on equilibrium flotation gradients using sucrose (A) or iodixanol (B). Distribution of WT Pr55
Gag in these gradients was analyzed by Western blotting. (C) Octylglucoside-treated PNS was loaded on the top of a 20 to 73% sucrose step gradient. Note that octylglucoside treatment solubilizes membrane but does not disrupt Gag multimers.
membrane binding precedes higher-order Gag multimerization (Fig. 5) . Moreover, 15A Gag that is assembly defective still displays WT levels of membrane binding and DRM association (Fig. 7) . These results indicate that higher-order multimerization promoted by basic residues in NC is not required for accelerating or stabilizing Gag membrane binding and raft association.
Several reports using different experimental systems show that membrane binding and DRM association of a truncated Gag construct consisting of MA and CA are increased upon addition of SP1 and NC in either steady-state (51, 70, 74, 78) or kinetic (70) analyses. However, it is important to point out that the levels of Gag multimerization may differ between MA-CA and 15A. The C-terminal domains of CA and SP1 FIG. 7 . Gag multimerization mediated by NC basic residues is not required for Gag membrane binding and DRM association. HeLa cells expressing either WT or 15A-mutant Pr55
Gag were pulse-labeled for 5 min and chased for 30 min. PNSs were incubated in the absence (Ϫ Tx100) or presence (ϩ Tx100) of 0.25% Triton X-100 on ice for 30 min before membrane flotation. Fractions were analyzed as for . This protein-protein interaction domain may be disrupted by truncation of Gag at the CA-SP1 boundary whereas the effect of 15A mutations on CA-SP1-mediated multimerization may be minimal. Consistent with this interpretation, the densities of virus-like particles formed by MA-CA and 15A Gag are different: MA-CA particles are less dense than WT virions while 15A particles possess WT density (13) . Moreover, it was reported in some (50) but not other (58) studies that amino acid substitutions in CA close to the boundary with SP1 disrupt Gag membrane binding. Mutations in SP1 that inhibit Gag multimerization also block Gag membrane binding and DRM association (32, 33) . In addition, it has been observed that low-order multimerization (i.e., trimerization) of Gag promoted by CA shifts the N-terminal myristate to a more exposed conformation in which it is better able to interact with membrane (84) . Similarly, in vitro analyses of Rous sarcoma virus Gag membrane binding showed that dimerization enhanced the membrane affinity of the MA domain (16) . Consistent with these reports, we observed that a Gag derivative with a double-amino-acid substitution at the CA dimer interface (CA residues 184 and 185) binds membrane less efficiently than WT Gag ( Fig. 7D and E) . Taken together, these results suggest that Gag-membrane and Gag-raft interactions may be enhanced or stabilized by lower-order Gag-Gag interactions mediated by CA and SP1. Our data further suggest that, after initial membrane binding and lower-order multimerization events take place, higher-order Gag multimerization proceeds, promoted by NC basic residues in conjunction with nucleic acid. Our results indicate that membrane binding and DRM association do not require this higher-order Gag multimerization.
The density of Gag-containing DRM has been observed to be higher than that of typical raft membranes in flotation gradients (20, 51) , presumably due to the association of tightly packed Gag molecules with a limited amount of DRM. Because of the difference in density between Gag-containing, detergent-resistant, buoyant material and classical raft markers, the hypothesis that HIV-1 Gag associates with lipid rafts was questioned. It was suggested that Gag recovered in the floated Triton X-100-resistant fractions may be non-membrane-bound Gag multimers rather than DRM-associated Gag (20, 36) . This concern was supported by the observation that Gag was recovered in low-density fractions in iodixanol gradients even after harsh treatments that largely depleted cellular membrane cholesterol (20) or removed the majority of Gagassociated lipid (36) . In this study, however, we observed that a defect in higher-order Gag multimerization does not affect Gag-DRM association. In addition, in this and previous studies we have shown that, after treatment with octylglucoside, which disrupts rafts but preserves Gag complexes, no Gag is recovered in low-density fractions of sucrose gradients (Fig. 6) (70) . Importantly, in contrast to results obtained with sucrose gradients, in iodixanol gradients Gag complexes can be recovered in the buoyant fractions even after octylglucoside treatment (Fig. 6 ). This particular property of iodixanol likely explains the recovery of non-lipid-associated Gag complexes in lowdensity fractions observed previously (20, 36) . We therefore conclude that sucrose is preferable to iodixanol for separating DRM-associated Gag from non-membrane-bound, detergentresistant Gag complexes in flotation gradients. More generally, we feel that caution should be used in interpreting data obtained with highly oligomerized proteins in iodixanol gradients.
Although Gag multimerization mediated by NC basic residues is not needed for Gag membrane binding and DRM association, Gag membrane binding appears to be important for higher-order Gag multimerization. This conclusion is supported by the findings that epitope masking is observed predominantly with membrane-bound Gag and that nonmyristylated Gag (which does not bind membrane) does not undergo extensive epitope masking. DRM association may facilitate Gag multimerization, as the level of epitope masking is increased in DRM-associated Gag (Fig. 7) . By analogy with the role of lipid rafts in a variety of cellular functions, lipid rafts may serve as concentration platforms for Gag, thereby facilitating higher-order Gag multimerization. Whether lipid rafts play an active role in increasing Gag-Gag interaction is currently under investigation.
